1. A granulocyte-rich fraction was isolated from blood of a patient with chronic granulocytic leukaemia and from blood of a normal subject and the cells were disrupted in isotonic sucrose. The nuclei were removed by low-speed centrifugation and the post-nuclear supernatant was fractionated by centrifugation on sucrose density gradients.
Introduction
Vitamin Blz in serum is bound to two or possibly three transport proteins, known respectively as transcobalamins I and 11, and transcobalamin I11 (or 'third binder'). Transcobalamin I1 can be separated from transcobalamin I and transcobalamin I11 by its smaller apparent molecular size on Sephadex G-200 (Hall & Finkler, 1966; , and it appears to be synthesized in the liver, at least in rats (Tan & Hansen, 1968; England, Tavill & Chanarin, 1973) . Transcobalamins I and I11 are of the same molecular size on gel filtration, but are eluted from DE23 cellulose at differing ionic strengths, and also they differ in their ability to bind 57Co-labelled vitamin B l z added in vitro Bloomfield, Weir & Scott, 1972) .
There is considerable evidence, both direct and indirect, that transcobalamins I and I11 are actively secreted by neutrophil granulocytes and their precursors from the promyelocyte stage (Mollin & Ross, 1955; Simons & Weber, 1966; Scott, Bloomfield, Stebbins & Herbert, 1974; Rachmilewitz, Rachmilewitz & Gross, 1974) . Preliminary studies by Corcino, Krauss, Waxman & Herbert (1970) indicated that vitamin BIz-binding proteins were particle-bound within the neutrophil granulocytes but detailed subcellular localization studies have not been made. The primary object of the present study was to delineate further the subcellular localization of vitamin BlZ-binding proteins within human granulocytes. At the same time, we performed a full subcellular fractionation of human granulocytes to establish the location of alkaline phosphatase.
Materials and methods

Sources of granulocytes
Three subcellular fractionation experiments were carried out. Concentrated buffy coat cells were obtained from two donors by means of the continuous flow blood cell separator (Celltrifuge, Aminco) as described by Graw, Herzig, Eisel & Perry (1971) . Dextran 150 was used as a sedimenting agent (Lowenthal & Park, 1975) . Donor 1. This 52-year-old woman with chronic granulocytic leukaemia had been treated by repeated leucaphoresis since diagnosis. No drug treatment had been given. The buffy coat cells used were obtained during (a) her seventeenth and (b) her thirty-fifth leucaphoresis. Details of the patient's peripheral leucocyte counts, and those in the concentrated buffy coats, are given in Table 1 . At the time of the first leucocyte fractionation her serum vitamin Blz was 2.15 nmol/l (1.71 ,ug/l) and her serum unsaturated vitamin Bl,-binding capacity was 2.15 nmol/l (2.90 ,ug/l), giving a total vitamin B1 ,-binding capacity of 3.33 nmol/l (4.51 ,ug/l) [normal range 0.93-1.64 nmol/l (1.25-2.21 ,ug/l)]. Her leucocyte alkaline phosphatase score determined by the method of Rutenburg, Rosales & Bennett (1965) was 13 (normal 32-98) . Donor 2. This healthy 31-year-old woman was undergoing leucaphoresis to provide granulocytes for her brother, who had acute leukaemia and septicaemia. Details of her peripheral and concentrated leucocyte counts are given in Table 1 .
Disrup fion and subcellular fractionation of granulocytes
For each of the three fractionation procedures, a 2 ml aliquot of the granulocyte-rich fraction was collected into an ice-cold glass tube and diluted with 20 ml of sucrose (340 mmol/l). The cells were collected by centrifugation at 400 g for 10 min at 4°C in an MSE 4L centrifuge. The pellet was washed with 10 ml aliquots of sucrose medium by resuspension and re-centrifugation. This was repeated twice and the final pellet suspended in 5 ml of medium. The cells were disrupted in a medium-sized Dounce homogenizer (Kontes Glass Co., Vineland, U.S.A.) with forty-five strokes of a tight-fitting (B) pestle.
Disruption was assessed by phasecontrast microscopy. The homogenate was centrifuged at 800 g for 10 min to sediment the nuclei, erythrocytes and any undisrupted cells.
For fractionation of granulocytes from donor 1 (experiment a) and for donor 2, 5.0 ml of the supernatant (PNS fraction) was adjusted to have a density of 1.10 by the addition of sucrose. This cell extract was layered on to a 22 ml sucrose gradient extending linearly with respect to volume from a density of 1.15 to 1.32 and resting on a cushion of 6 ml of sucrose, density 1.32, in a Beaufay automatic rotor (Beaufay, 1966) . All sucrose solutions contained EDTA (1 mmol/l), pH 7.4. The rotor was run at 35 000 rev./min for 60 min at 0°C.
For fractionation of granulocytes from donor 1 (experiment b) the PNS fraction was layered directly on to a 28 ml linear sucrose gradient extending from a density of 1.05 to 1.28. This modified gradient was used to study the properties of the low-density organelles. The rotor was run at 35000 rev./min for 35 min. The design and use of the rotor and associated equipment have been described previously (Leighton, Poole, Beaufay, Baudhuin, Coffey, Fowler & de Duve, 1968) . Some fourteen fractions were collected into tared tubes and, after weighing, the density of each fraction was determined indirectly with an AbM refractometer. Calculation and display of data was performed as described by Leighton et al. (1968) . Table 2 shows the details of the enzyme assays used in the analyses of the gradient fraction with their probable subcellular localization listed in Table 3 . Protein was determined fluorimetrically as described by Peters, Miiller & de Duve (1972) .
Analytical techniques
Vitamin BIZ concentration was measured on suitably diluted fractions with the Z strain of Euglena gracilis after papain digestion (Anderson, 1964) . Unsaturated vitamin B1,-binding capacity was determined by the charcoal radioassay of Gottlieb, Lau, Wasserman & Herbert (1965) after
brief sonication of suitably diluted fractions. Details of the assay have been published previously (Kane, Hoffbrand & Neale, 1974) .
Characterization of vitamin Bl,-binding proteins
Gel filtration. A sonicated 0.25 ml portion of the relevant fractions from the gradient and of the patient's serum (donor 1) were saturated with [57 Co]cyanocobalamin and fractionated on a column of Sephadex G-200 as described by Kane et al. (1974) . In each case, radioactivity of the eluted fractions and of a 57Co-labelled vitamin Blz standard was determined with an automatic gamma counter (Packard). The protein profile of the serum fractions was estimated by measurement of extinction at 280 nm.
Anion-exchange chromatography. A portion (0.25 ml) of the same gradient fraction used for the gelfiltration studies was sonicated and saturated with [57Co]cyanocobalamin. Excess of free labelled cyanocobalamin was removed with albumin-coated charcoal and the extract loaded on to a small column of DE23 cellulose (Whatman) as described by Retief, Gottlieb, Kochwa, Pratt & Herbert (1967) . Fractions (1 ml) were collected, the first fourteen being eluted with 0.06 ml/l sodium phosphate buffer, pH 6.3, and a further eleven with 1.0 mol/l sodium chloride. Radioactivity of the fractions and of a s7Co-labelled vitamin BIZ standard was determined as described above.
Reagents. 4-Methylumbelliferyl derivatives were obtained from Koch-Light Laboratories. Leucyl-bnaphthylamide was purchased from Sigma and pnitrophenyl phosphate from BDH Chemicals Ltd.
[ 7Co]Cyanocobalamin and [ 3H]adenosine monophosphate were obtained from The Radiochemical Centre, Amersham. The cell-wall preparation from iVlicrococcus lysodeikticus used in the assay of lysozyme was purchased from Difco. Benzoyltyrosine ethyl ester was obtained from Fluka. All other reagents were of analytical grade from various sources.
Results
Expression of results
Distribution of enzymes and other components measured in the density gradients are depicted as frequency-density histograms. In each case, the stippled area represents components which have sedimented into the gradient, and the crosshatched area represents components which have remained in the sample layer.
Fractionation of granulocytes
From donor 1 (experiment a). densities of 1.20 and 1.24. The less-dense peak corresponded to the modal density of the unsaturated vitamin Blz-binding capacity, and the denser peak corresponded to that of cc-mannosidase. Alkaline phosphatase appeared to be largely non-sedimentable, or to be bound to particles of density less than 1.1 5. N-Acetyl-D-glucosaminidase showed a broad peak with a modal density of 1.22. Most of the protein remained with the sample layer and thus the granules do not contribute major amounts of protein to the cell extracts. was found deeper in the gradient. In particular no vitamin B1 could be detected in the particles carrying the vitamin B1 2-binding protein. Lactate dehydrogenase was found almost exclusively in the sample layer and lightest region of the gradient. From donor 2 (control subject). As may be seen in Fig. 3 , the distributions of lysozyme, vitamin BlZbinding capacity, a-mannosidase, alkaline phosphatase and N-acetyl-D-glucosaminidase in the sucrose gradient were closely similar to those in granulocytes from the patient with chronic granulocytic leukaemia ( Fig. 1 and Fig. 2 ). In addition, the enzymes a-chymotrypsin and myeloperoxidase (not shown) were also assayed in this gradient, and their shown) and alkaline phosphatase remained largely within the sample layer.
From donor 1 (experiment b). This experiment was carried out with gradient starting at the lower density of 1.05 in order to elucidate further the subcellular distribution of alkaline phosphatase. Fig. 4 shows that alkaline phosphatase was particle bound, its modal density, 1.14, corresponding with that of neutral a-glucosidase. Acid phosphatase had a partial localization to this same region of the density gradient, with a smaller peak corresponding to the distribution of a-mannosidase and a-chymotrypsin. Resolution of the low-density organelles in this experiment clearly separated 5'-nucleotidase, modal density 1.1 1, from alkaline phosphatase, modal density 1.14. Again, vitamin BIZ-binding capacity had a sharp peak at density 1.19, and malate dehydrogenase was partially localized to a sedimentable component (mitochondria) of density 1.16.
Other enzymes assayed in this gradient, but not shown in Fig. 4 , were myeloperoxidase, whose distribution paralleled that of a-mannosidase, and N-acetyl-8-glucosaminidase, p-galactosidase and 8-glucuronidase, all of which had a very similar pattern of distribution to that shown for N-acetyl-p-glucosaminidase in Fig. 1 and Fig. 2 with a modal density of 1.22.
Characterization of vitamin B1 ,-binding protein in granulocytes
In both the normal subject and the patient with chronic myeloid leukaemia the unsaturated vitamin Blz-binding capacity was largely localized to a particle with density of 1.19. The fraction with highest binding capacity in the gradient from donor 1 (experiment a) was further studied by gel filtration and anion-exchange chromatography. Blz-binding proteins on DE23 cellulose: 54% of the binding capacity was eluted at low ionic strength (transcobalamin 111) and 46% was eluted at high ionic strength (transcobalamin I).
Discussion
The experiments described in this paper comprise the first full subcellular fractionation of human granulocytes. By a single-step procedure the principal organelles from a granulocyte extract can be resolved on sucrose density gradients. The equilibrium densities of the organelles have been determined and the distribution of previously unassigned components of the granulocytes studied. This technique of analytical subcellular fractionation has been widely used in the study of the cell biology of animal tissues, particularly rat liver (Claude, 1950; de Duve, 1964 de Duve, , 1971 ), but it has been applied but little to human tissues. Similarly extensive subcellular fractionation studies have been performed on rabbit heterophil leucocytes (Baggiolini, Hirsch & de Duve, 1969 Farquhar, Bainton, Baggiolini & de Duve, 1972) , but very few such studies have been attempted with human granulocytes.
The cell centrifuge permits the collection from both patients and from control subjects of concentrated granulocyte-rich fractions for further biochemical studies. In the present studies approximately lo8 cells were used for each experiment.
However, for most of the enzyme assays the fractions had to be diluted at least 100-fold and thus adequate quantities of granulocytes for subsequent fractionation could readily be prepared from approximately 20 ml of blood. Thus the applicability of this procedure can be considerably extended to include a study of many leucocyte disorders.
The results of the fractionation experiments on the leucocytes from the control subject and the patient with chronic granulocyte leukaemia, studied both early and late during the course of her treatment, were very similar. The results will be discussed with reference to the individual organelles. Table 3 summarizes the model densities of the various organelles and lists some of their enzyme components.
Individual organelles
Cytosol. This is the cell compartment containing the soluble non-particulate enzymes and other components. We haved used lactate dehydrogenase as a cytosol marker in leucocyte fractionation because of its high activity, ease of assay and because other workers have used this enzyme as a cytosol marker in studies on isolated leucocytes (Henson, 1971; Weissman, Zurier, Spieler & Goldstein, 1971 ; Davies, Allison, Ackerman, Butterfield & Williams, 1974) . In the sucrose density gradients the lactate dehydrogenase is almost completely recovered from the light fractions at densities of less than 1.10 with no significant activity in the particulate fractions. In other tissues, e.g. rat liver, there is a striking tendency for lactate dehydrogenase to be adsorbed on to the various subcellular organelles (de Duve, Wattiaux & Baudhuin, 1962) . The observation that in human granulocytes little if any lactate dehydrogenase is found in the granule fractions makes it unlikely that non-specific adsorption of other cytosol components to these granules occurs (de Duve & Berthet, 1954) . Thus it is unlikely that the vitamin BI2-binding protein is a cytosol component which has become adsorbed to the specific granules.
Plasma membrane. The distribution of 5'-nucleotidase with a modal density of 1.10 suggests that this enzyme, in leucocytes as in other tissues, is localized to the plasma membrane (Solyom & Trams, 1972) . Similar equilibrium densities for plasma membrane fragments were reported for smooth muscle cells (Peters et al., 1972) , cardiac muscle (Bloomfield & Peters, 1974) and human liver tissue (Seymour, Neale & Peters, 1974) . Recent experiments with the guinea-pig polymorphonuclear leucocytes have indicated that this enzyme is localized to the external aspect of the cell membrane (De Pierre & Karnovsky, 1974) .
Microsomes. This is an operational term for the cell components sedimented by high-speed centrifugation after sedimentation of the large-granule components. Although the endoplasmic reticulum forms the major portions of the microsomal fraction, elements of the plasma membrane, Golgi apparatus and outer mitochondria1 membranes may be recovered in this fraction (Beaufay, Amar-Costesec, ThinksSempoux, Wibo, Robbi & Berthet, 1974) . It is therefore difficult to assign particular enzymes to the microsomal fraction in single-step fractionation procedures. However, comparison of known microsoma1 enzymes with other possible microsomal enzymes can permit assignments to be made with reasonable degree of certainty. We have used neutral a-glucosidase as the index microsomal enzyme. This localization was first demonstrated in rat liver, which is usually considered the reference tissue for cellfractionation studies, by Lejeune, Thinks-Sempoux & Hers (1963). Similar conclusions as to the microsomal localization of this enzyme were reached for smooth muscle cells (Peters & de Duve, 1974) , cardiac (Bloomfield & Peters, 1974 ) and skeletal (Angelini & Engel, 1973) muscle and for human liver (Brown & Brown, 1965; Seymour et al., 1974) . Alkaline phosphatase has a very similar distribution to the a-glucosidase and thus is considered to be microsomal. No significant localization of alkaline phosphatase to the specific granule or plasma membrane fractions was noted. Part of the acid phosphatase and leucyl-8-naphthylamidase was also localized to the microsomes. Although acid phosphatase is generally considered to be a lysosomal enzyme, it is becoming increasingly realized (Neil & Horner, 1964; Beaufay, 1972) that if chromogenic or fluorogenic phosphate derivatives are used as substrates, instead of 8-glycerophosphate, significant amounts of activity are localized to the microsomal components. Similar conclusions were reached for rabbit heterophil leucocytes by Baggiolini et al. (1970b) . They showed that the microsomal acid phosphatase was selectively inhibited by N-ethyl maleimide; we have found similar results with human leucocytes. Leucyl-8-naphthylamidase was partially localized to the microsomal components with the remainder being distributed between the soluble and granule fractions. Little activity was localized to the plasma membrane. In other tissues this enzyme has a complex distribution, probably due to non-specific adsorption of the soluble enzyme to the various subcellular organelles. In liver the highest concentrations of this enzyme are found in the plasma membranes (Emmelot, Bos, Benedetti & Rumke, 1964) with at least a partial localization to the lysosomes and microsomes (McCabe & Chayen, 1965; Mahadevan & Tappel, 1967) .
Mitochondria. It is generally agreed that leucocytes contain only low activities of mitochondrial enzymes (Kirschner, Getz & Evans, 1972) and morphological studies have shown only occasionally mitochondria in tissue sections. Malate dehydrogenase was used as a marker enzyme because of the high sensitivity of the fluorimetric assay system. The major portion is localized to the cytosol but a small amount of activity is particulate and presumed to be mitochondrial. In other tissues (de Duve et al., 1962) a dual mitochondrial-cytosol localization for malate dehydrogenase has also been recorded. It is thus not possible to determine what proportion if any of the malate dehydrogenase has been released from the mitochondria during the fractionation procedure.
Vitamin Bi 2, assayed microbiologically, appears to be localized predominantly to the cytosol with a small mitochondrial component. A similar dual localization, but with a larger mitochondrial component, has been found for liver (Swendseid, Bethell & Ackerman, 1951) and for intestinal mucosa (Peters & Hoffbrand, 1970) . No vitamin Biz was detected in the granule fractions. Because of the presence of large amounts of vitamin BI2-binding protein in the specific granules the absence of microbiologically assayable vitamin Bl2 in this organelle must be interpreted with some caution even though the fractions were subjected to papain digestion and autoclaving as recommended by Anderson (1964), a procedure generally considered sufficient to release most tissue-bound vitamin Biz.
Specific (secondary) granules. Lysozyme shows a bimodal distribution with peaks at densities of 1.19 and 1-23 which we have ascribed to the specific and azurophil granules respectively, by analogy with rabbit leucocytes where extensive combined biochemical and morphological studies have demonstrated these assignments. The specificgranules appear to contain nearly all the vitamin Blz-binding protein but, unlike the rabbit leucocytes, lack alkaline phosphatase. Other biochemical studies employing fractionation techniques have also shown that the specific granules in human granulocytes lack this enzyme (Olsson, 1969; Bretz & Baggiolini, 1974; Spitznagel, Dalldorf, Leffell, Folds, Welsh, Cooney & Martin, 1974; West, Rosenthal, Gelb & Kimball, 1974) . Histochemical studies have, however, indicated that alkaline phosphatase in both rabbit (Bainton, 1973) and man (Bainton, Ullyot & Farquhar, 1971 ) is localized to the specific granules. The reason for this discrepancy is not clear and detailed combined fractionation-histochemical studies, as applied by Farquhar et al. (1972) to rabbit leucocytes, are obviously necessary to resolve this conflict. Although not assayed in the present study it is likely that lactofenin is localized to the specific granules in man (Spitznagel et al., 1974) as in the rabbit (Baggiolini, de Duve, Masson & Heremans, 1970a).
Nature of vitamin B1,-binding proteins in specific granules
Analysis on Sephadex G-200 andDEAE-cellulose of the vitamin B12-binding proteins from the gradient fraction containing the greatest amount of this protein have clearly shown that approximately equal portions of transcobalamins I and I11 are present in the specific granule, at least in chronic granulocytic leukaemia. The relationship between these two proteins is not clear as they appear to be antigenically identical (England, Clarke, Down & Chanarin, 1973) and to show striking similarities on isoelectric focusing (Stenman, 1974) . It may be that transcobalamin I11 or the third binder is the product of partial enzyme digestion of transcobalamin I, carried out perhaps by the hydrolases of the granulocytes.
Tertiary granules. During these fractionation studies it became clear that certain acid hydrolases (N-acetyl-8-glucosaminidase, 8-galactosidase and 8-glucuronidase) could not be assigned to either the specific or azurophil granules. They showed a broad distribution, not bimodal as in the case of lysozyme, with a modal density of 1.22 which was distinct from that of the other two granules. Although there may be a partial localization of these enzymes to the specific and azurophil granules it is probable that they represent a third granule population. The existence of 'tertiary granules' within granulocytes is, however, hotly disputed. In their detailed fractionation experiments on rabbit heterophil leucocytes Baggiolini et al. (1969, 1970a, b) found this third granule population and suggested that they 'correspond to the tertiary granules of Wetzel et ul.'. However, in asubsequent study (Farquhar et al., 1972) it was concluded, as a result of further histochemical tests, that this granule population is most likely derived from contaminating mononuclear cells in the granulocyte preparation. This conclusion has, however, since been challenged by Murata & Spicer (1973) . In view of the false localization of alkaline phosphatase in granulocytes with histochemical techniques referred to above, the use of similar techniques to identify other granules may also be limited in value. In the present study, although a granulocyte-rich fraction was used there was undoubted contamination with mononuclear cells. However, the striking similarity in the distributions when granulocytes from both the patient (360000 granulocytes/pl) and from the control subject (26 000 granulocytes/pl) were subjected to analytical fractionation argues against an important contribution from contaminating mononuclear cells. In a recent paper Ullyot & Bainton (1974) showed that the granulocytes from patients with chronic myeloid leukaemia had essentially normal specific and azurophil granules. In addition they demonstrated a further population of granules which may correspond to the tertiary granules.
Azurophil (primary) granules. These, the densest organelles in sucrose gradients, form a well-characterized population of particles. They contain myeloperoxidase, a-mannosidase, a-chymotrypsin and part of the acid phosphatase and lysozyme and thus are very similar to azurophil granules demonstrated in rabbit leucocytes (Baggiolini et ul., 1969 (Baggiolini et ul., , 1970a . The a-chymotrypsin was assayed with a synthetic substrate based on the known esterase activity of this protease. There is, however, recent evidence that the granulocyte esterases have protease activity (Ohlsson & Olsson, 1974; Pryce-Jones, Saklatuala & Wood, 1974; Rindler-Ludwig, Schmalzl & Braunsteiner, 1974) and are probably localized in the azurophil granule (Davies, Rita, Krakauer & Weissmann, 1971 ).
